The construction of images used in chain-of-state(CoS) methods for transition state(TS) locating and minimum energy path(MEP) searching needs initial and final state prepared in advance. However, while exploring a chemical reaction with CoS methods, the final state is generally unknown and constructed with human feeling and experience, which is low efficient and time wasting. We purpose here a new concept called atom connecting position(ACP) which correlates with final state construction.
INTRODUCTION
Initial and final state should be prepared before doing transition state(TS) locating and minimum energy path(MEP) searching using chain-of-state(CoS) methods like nudge elastic band(NEB) method, [1] [2] [3] [4] [5] [6] Generally speaking, with a chemical reaction described in the MEP, the initial state is obtainable, whereas the final state is usually unknown and should be constructed artificially. Since there could be bond reforming and atom transfer in MEP, determining suitable positions for the transferred atom to be positioned is really important for final state construction. These positions are referred to as atom connecting positions(ACPs).
However, determination of these positions needs chemical insight and manual intervention, because these positions correlate with geometry structure as well as electronic structure.
Using valence shell electron pair repulsion(VSEPR) shape model is a good start, since the ACPs determined by chemical insight are generally based on the repulsion of connected atoms(and lone pairs). But using of VSEPR shape model directly is not only hard and tedious, but also would fail under some situations. Firstly, VSEPR shape model can only be used when the transferred atom connect to another atom, but it could also connect with multiple atoms, like Fe atom connecting to 6 carbons on C 60 and Carbon Nanotube.
Exception would also happen when the atoms are not chemically connected, like metal surface and Au 20 cluster, in which atoms are packing together. Choosing connected atoms is tricky since it's difficult to classify two atoms to be connected or not when they are weakly connected.
Besides, there are almost 18 different kinds of VSEPR shape models and variations. ACPs connecting with not only specific atom as a center, but a virtual center like the center of a benzene ring. This center is referred as kernel because it may not be the position of specific atom.
Tracing back the beginning of VSEPR and rethinking the motivation, we found that the main idea of VSEPR is to find out the low-repulsion positions around the kernel. Actually, we believe the ACPs are actually these low-repulsion positions. This leads us to a constrained optimization problem. To optimize the positions locating on the spherical surface centered at the kernel and sample all possible positions, we may get all ACPs satisfy the necessity.
By introducing spherical optimization(SOPT) method, 8 we formulated the framework of VSEPR-SOPT, which turns the chemical insight into a robust and efficient algorithm.
METHODS

Spherical Optimization
The detail of spherical optimization(SOPT) has been described by Abashkin, Y. and Russo, N., 8 so we will introduce it briefly. Considering two atom system with N atoms and noted as x and y with root-mean-square deviation of distance as R, the constrained optimization problem is described as
where n = 3N is the total degrees of freedom. x and y are also named as target and anchor, since x will be optimized and y is fixed during the optimization. The energy function is rewritten by including the constraint and eliminate x n ,
and the force is rewritten as
where F is the force obtained from electronic structure calculation, and F is a n − 1 vector.
Thus, we convert this particular constrained optimization with n variables to a regular optimization problem with n − 1 variables. More details of the algorithm are neglected and can be found elsewhere.
VSEPR-SOPT Model
Combining SOPT with VSEPR is tricky, since the target and anchor used in SOPT are not real system, and the energy function remains unknown.
Firstly, let's consider locating one ACP on the sphere centered at kernel. Locating multiple ones can be regarded as locating ACP one after another. Positions on the sphere centered at kernel with radius R = L is the collection of possible positions. Here L is the length between kernel and the position on the sphere, which is given by user or get from database. So the target system is constructed with a pseudo atom positioned on the sphere, and the anchor system contains only the position of kernel.
The energy of the system is hard to determine since the system is not real, and the formula of VSEPR repulsion is unknown. Besides, we expect the calculation to be as fast as possible without introducing too much parameters. Considering the formula is to describe repulsion and inspired by Lennard-Jones potential, we believe the repulsion energy between a pair of atoms can be described as 1 | r| n . It turned out n = 4 will give out the best results. For molecular system, the energy function would be
where N is the total number of atoms in real system, x is the position of pseudo atom and r i is the position of i th atom in real system. Noted that no external parameter is introduced in the function, which seems weird. But the results turned to be good enough.
For periodic system, the contribution of replicas should be counted. Therefore, another 8 neighbor cells are counted. The energy function is
where a, b, c are unit vectors of the cell. With the formula of energy function, SOPT now is able to be utilized for finding ACPs.
For M ACPs, we just need to make the target system contains M pseudo atoms, and duplicate kernel M times in anchor system, adjust the radius of the sphere
Interactions between pseudo atoms should be added to the energy function
The rest part is the same. And for periodic system, the formula will be modified as stated above. Since the simplicity of the procedure, the execution of the algorithm is really fast.
The time is estimated to be less than 1s for 100 optimizations in Python code.
Position Sampling on Spherical Surface
In order to acquire all possible ACPs on the sphere, we need to sample all positions on the sphere and run VSEPR-SOPT one by one. Therefore, a sampling algorithm should be introduced. Using polar coordinate system and sampling θ and φ uniformly is simple and convenient, but the sampling density around the pole is much higher than that around the equator. However, a uniform sampling on the spherical surface is expected. Here we use one of the methods introduced by Cory Simon.
9 By generating three standard normally distributed numbers X, Y , Z to form a vector V = [X, Y, Z] and normalize it, the vector is uniformly distributed on the surface of sphere. Normally, sampling 100 times is adequate for covering the entire surface, but it can be increased if necessary.
Flowchart of VSEPR-SOPT
We provide the flowchart for the algorithm of VSEPR-SOPT below,
1. Input the system, kernel position, number of lone-pairs (N l ) and number of ACPs needed(N n ).
2. Add a pseudo atom to the system and construct energy function.
3. Sampling on the sphere N s times with the algorithm described above, optimize the pseudo atoms system with the potential described in Eq.6 with SOPT.
4. Repeat step 2-3 N l times to get all positions of lone-pairs.
5. Repeat step 2-3 N n times to get all ACPs needed with lone-pairs positions fixed.
RESULTS
Here we use the notation A@B to refer to the system A with B as the kernel, e.g. CH 2 O@C means molecular system CH 2 O, and the carbon is the kernel. It worth mentioning that the center of a ring can be kernel as well. The kernel will be noted as circle in these situations.
In the following, we tested several kinds of system, including small molecules (CH 4 , 
Complicated Au 6 Cluster
Au 6 cluster 12 is a very large cluster system, which contains 6 equivalent Au atom, 6 P atom, 2 N atom and 20 phenyl groups (Fig.7) . Environment of the Au atom is very complicated.
One Au atom is not only connecting with one N and P, but connecting with other Au atoms weakly, the phenyl groups around the atom have influence as well. Therefore, it's impossible to determine the VSEPR shape of Au atom. However, with the help of VSEPR-SOPT, acquiring the ACPs is really easy, as shown in Fig.8 . Noted that the VSEPR-SOPT does not need the connection relationship at all, which is critical for regular VSEPR shape model.
This example proves the robustness of the method. Fig.9 . CO can be regarded as ACP detector in this example. It's worth mentioning that this system is a periodic system. So the energy formula of periodic system should be used. The VSEPR-SOPT result is shown in Fig.10 . And the ACP acquired agrees well with the position of carbon mentioned in the article. This example shows the validity of our method in heterogeneous systems. In all systems except CH 2 O@O, chemical insight is satisfied rigorously, while for CH 2 O@O, chemical insight is partially satisfied as well and the result is acceptable. These examples demonstrate the validity and robustness of the method. And the method can be useful in reaction searching and reaction network construction.
